When a range-shifting species colonizes an ecosystem it has not previously inhabited, it may experience suboptimal conditions that challenge its continued persistence and expansion. Some impacts may be partially mitigated by artificial habitat analogues: artificial habitats that more closely resemble a species' historic ecosystem than the surrounding habitat. If conditions provided by such habitats increase reproductive success, they could be vital to the expansion and persistence of range-shifting species. We investigated the reproduction of the mangrove tree crab Aratus pisonii in its historic mangrove habitat, the suboptimal colonized salt marsh ecosystem, and on docks within the marsh, an artificial mangrove analogue. Crabs were assessed for offspring production and quality, as well as measures of maternal investment and egg quality. Aratus pisonii found on docks produced more eggs, more eggs per unit energy investment, and higher quality larvae than conspecifics in the surrounding salt marsh. Yet, crabs in the mangrove produced the highest quality larvae. Egg lipids suggest these different reproductive outcomes result from disparities in the quality of diet-driven maternal investments, particularly key fatty acids. This study suggests habitat analogues may increase the reproductive fitness of range-shifting species allowing more rapid expansion into, and better persistence in, colonized ecosystems.
as GSI is dependent on sex and reproductive stage, crabs were grouped as males, ovigerous (egg carrying) females, and non-ovigerous females for analysis. While the proportional energetic investment into reproduction does not itself indicate a higher quality reproductive investment or reflect the ultimate quality of a habitat as it relates to reproduction, it is a necessary measurement to understand the ultimate reproductive efficiency of an organism (i.e. the return on investment). The proportion of energy that crabs in these categories invested into reproduction differed between habitats. Crabs from the salt marsh invested a greater proportion of their energy into reproduction than conspecifics of the same sex/reproductive stage from the mangrove, (males: p < 0001, ovigerous females: p < 0.001, non-ovigerous females: p = 0.0162; Fig. 1 ). Further, in the salt marsh, males and ovigerous females invested proportionally more energy into reproduction than conspecifics on docks (males: p < 0.001, ovigerous females: p = 0.007; Fig. 1 ) while non-ovigerous females invested proportionally less energy (p = 0.021). Females on docks also invested a greater proportion of their energy into reproduction than conspecifics of the same reproductive stage in the mangrove (ovigerous: p = 0.048, non-ovigerous: p < 0.001) while males from the dock and mangrove did not differ (p = 0.230; Fig. 1 ).
Larval quality. We examined larval starvation resistance and larval size (dry weight) upon hatchingboth common measures of offspring quality in crustaceans [35] [36] [37] . Larval starvation resistance was not impacted by maternal size (p = 0.120) or gut-width:carapace-width ratio (GW:CW; a proxy of long-term diet quality in crabs 38 ) (p = 0.880). Thus, these variables were removed to simplify the analysis. Larvae from the mangrove displayed greater starvation resistance than those from either the dock or salt marsh (p < 0.001) while larvae originating from docks showed greater starvation resistance than those from the salt marsh (p = 0.009, Fig. 2a ).
Larval size at hatching did not differ between habitats (dock vs. salt marsh: p = 0.781, dock vs. mangrove: p = 0.604, mangrove vs. salt marsh: p = 0.525; Fig. 2b ) and was not affected by maternal size (p = 0.222). However, larval size increased with GW:CW (p = 0.025).
Clutch size. Crabs from the salt marsh had smaller clutches than conspecifics from either the mangrove or dock habitats (p < 0.001; Fig. 3a ), which did not differ (p = 0.994). When clutch size was explored independent of maternal size, it was not impacted by GW:CW (p = 0.275) but crabs produced smaller clutches in October, when clutches were generally smallest, compared to all other months and larger clutches in July, when clutches were generally largest, compared to June and August (p < 0.05). Further, crabs from the mangrove had smaller clutches relative to their body sizes (i.e. size-independent, number of eggs produced per unit size) than conspecifics in the dock and salt marsh habitats (p = 0.038 and 0.034 respectively; Fig. 3b ). The size-independent clutch sizes of crabs in the dock and salt marsh habitats did not differ (p = 0.989) despite higher proportional energetic investment (GSI) in the salt marsh.
Egg energy and glycogen content. Egg energy content was not associated with habitat, month of collection, or maternal variables (p > 0.05, Appendix S1: Table S1, Fig. S2 ). However, non-eyed (stage-1) eggs had a higher energy content than eyed (stages 2 and 3) eggs (p < 0.001). www.nature.com/scientificreports www.nature.com/scientificreports/ Egg glycogen content did not differ between habitats and was not affected by GW:CW or month of collection (p > 0.05, Appendix S1: Table S1, Fig. S3 ). However, egg glycogen content decreased with increasing maternal size (p = 0.009).
Egg lipid and fatty acid content. Aratus pisonii in the mangrove produced eggs with a higher gross lipid content than conspecifics in either the salt marsh or dock habitats (p < 0.001; Fig. 4a ), which did not differ (p = 0.725). While egg lipid content was not impacted by maternal variables (size: p = 0.452; GW:CW: p = 0.834), eggs produced in October displayed higher lipid contents than those produced in June and August (p < 0.001). Yet, the lack of an interaction between habitat and collection month (p > 0.05) suggests this seasonal effect was not habitat specific.
Here we present only the results of those FAs and FA groups of particular importance to reproductive potential and larval quality (See Appendix S1: Table S2 for full results). Unless otherwise stated, maternal size, GW:CW, and www.nature.com/scientificreports www.nature.com/scientificreports/ month of collection had no effect on any FA parameter (p > 0.05). Eggs deriving from the dock habitat had the highest concentration of developmentally important omega-3 FAs (Ω-3s) (vs. mangrove: p < 0.001; vs. salt marsh: p = 0.010; Fig. 4b ) including the individual Ω-3s eicosapentaenoic acid (EPA) (vs. mangrove: p = 0.005; vs. salt marsh: p = 0.005) and docosahexaenoic acid (DHA) (vs. mangrove: p < 0.001; vs. salt marsh: p < 0.001). While eggs originating from the mangrove had the lowest concentration of EPA (vs. salt marsh: p < 0.001; vs. dock: p = 0.005), they did not differ from salt marsh eggs in the concentration of overall Ω-3s (p = 0.461) or DHA (p = 0.190). Further, the concentration of the Ω-3 alpha-linolenic acid (ALA) was highest in eggs originating from the mangrove (vs. dock: p < 0.001; vs. salt marsh: p = 0.026) while those from the dock and salt marsh did not differ (p = 0.189). Eggs originating from the dock had the highest concentration of developmentally critical highly unsaturated fatty acids (HUFA, ≥4 double bonds) with those from the mangrove exhibiting the lowest (dock vs. mangrove: p < 0.001; dock vs. salt marsh: p = 0.002; mangrove vs. salt marsh: p = 0.003; Fig. 4d ). Despite their relatively low concentration of Ω-3s, eggs originating from the mangrove had a similar neurogenesis-stimulating omega-3:omega-6 ratio (Ω-3:Ω-6) to those from the dock (p = 0.075; Fig. 4c ) and salt marsh (p = 0.564). Eggs originating from docks displayed a higher Ω-3:Ω-6 ratio than those from the surrounding salt marsh (p = 0.046; Fig. 4c ). The Ω-3:Ω-6 ratio also increased with increasing maternal size (p = 0.040) resulting in an overall higher ratio in eggs from the mangrove compared to the salt marsh despite the insignificant effect of habitat. There were few seasonal effects, all of which were independent of habitat (habitat*month: p > 0.05), with eggs gathered in October displaying higher HUFA concentrations than those collected in June (p = 0.049) or July (p = 0.009), and higher EPA (p = 0.005) concentrations than those collected in July.
Due to the impact of maternal diet on larval quality 12 , we also explored fatty acid trophic markers (FATM). Eggs originating from the salt marsh exhibited the highest EPA:DHA ratio suggesting a lower maternal trophic position 31, 39 than conspecifics in the dock and mangrove habitats (p < 0.001; Fig. 5a ), whose eggs did not differ in this measure (p = 0.078). Instead, eggs from the salt marsh displayed higher concentrations of odd-numbered www.nature.com/scientificreports www.nature.com/scientificreports/ fatty acids (OFAs) than those from docks (p = 0.019; Fig. 5b ), suggesting a greater importance of detritus in the maternal diet 31 . The OFA concentration of eggs from the mangrove did not differ from those from the dock (p = 0.157; Fig. 5b ) or salt marsh (p = 0.318). Egg OFA concentration also decreased with increasing GW:CW (p = 0.022).
Discussion
Our results demonstrate that an artificial analogous habitat within a colonized suboptimal ecosystem can increase the reproductive potential and fitness of a colonizing range-shifting species. Here, this manifests as docks providing a superior reproductive habitat to the surrounding salt marsh. Crabs found on docks produced greater numbers of higher quality larvae for a lower per-egg energetic investment than conspecifics elsewhere in the salt marsh ( Fig. 6 ). Further, the disparity in larval quality appears to be driven by differences in the quality of maternal investment reflected in the egg fatty acids ( Fig. 6 ). While some crabs collected on docks could have spent time in the marsh, this would reduce observed differences making our results conservative and strengthening their explanatory power.
Despite the benefits of analogous habitats, they may remain a subpar reproductive habitat compared to the historic ecosystem of a range-shifter ( Fig. 6 ). In fact, A. pisonii in the mangrove produced the highest quality larvae. This is unsurprising, as organisms would be expected to reproduce most successfully under conditions to which they are adapted. However, the higher size-corrected clutch-sizes (i.e. per-size offspring production) of conspecifics in the dock and salt marsh habitats may counteract some of the reproductive fitness lost to larval quality. It is common for individuals in range-edge populations to produce more offspring than conspecifics in the range-core, who tend to apply a strategy of quality over quantity 40 (and references therein). The higher lipid content of eggs from the mangrove further reflects these differing strategies. Yet, the dock habitat appears to allow A. pisonii to straddle these strategies, by producing large numbers of intermediate-quality larvae, and thus reflects a theoretical "mid-range" reproductive habitat despite occurring at the range-edge. Thus, while the historic ecosystem provides the ideal reproductive habitat, the artificial analogue is superior to the surrounding colonized ecosystem. If this pattern holds true across systems, it would provide a general mechanism that facilitates range expansion.
The increased reproductive potential of crabs on docks relative to the surrounding salt marsh emphasizes the potential importance of analogous habitats, and habitat effects in general, to range-shifting species. Egg quality parameters suggest the mechanism behind the acquired benefits as the only measure that differed between the www.nature.com/scientificreports www.nature.com/scientificreports/ dock and salt marsh was the FA profiles. The FAs invested in eggs are crucial to larval quality 30, 41 and reflect maternal diet 31, 42 . Thus, it is likely that more favorable dietary conditions found on docks 8 are largely responsible for the improved larval quality. This is reflected by eggs from docks exhibiting higher concentrations of the developmentally critical Ω-3s, EPA, DHA, Ω-3:Ω-6 31, 41 , and HUFAs 43, 44 , all of which indicate a higher quality investment deriving from a high-quality diet 30, 42 . The low EPA:DHA ratio of eggs from docks further supports this hypothesis by indicating a higher trophic position 31, 39 . This suggests the dietary origin of the improved investment is animal material, a high-quality food source preferred by A. pisonii 18 which is likely an important dietary component on docks 8 . In contrast, the high concentration of OFAs in salt marsh eggs suggests a higher dietary dependence on low-quality detritus 31 . Unexpectedly, the EPA:DHA ratio of eggs from the mangrove are similar to those from the dock habitat. This may suggest that crabs in the mangrove habitat consume more animal material than previously thought. Many studies of A. pisonii diet in the mangrove have focused on visual inspection of gut contents. As A. pisonii primarily consume only the easily digestible, difficult to identify soft parts of animals 17 , this could lead to an under estimate of the importance of animal material to their diet. Alternatively, this result may suggest that crabs on docks are feeding on a diet high in plant material as has previously been suggested for those in the mangrove. However, given previous results suggesting a diet high in animal material on docks 8 , the comparatively low trophic level of crabs in the salt marsh who have abundant access to plant material, and personal observation of crabs often feeding on dock fouling community animals such as sponges and isopods (pers. obs.), we find this explanation less likely. Ultimately, methods such as stable isotope analyses or metabarcoding of the gut contents may provide a more accurate picture of the diet of these crabs. While this topic merits further examination, it was beyond the scope of this study.
Diet appears to be the most important measured factor affecting offspring quality in this system. However, other environmental factors which differ between habitats likely also influence A. pisonii reproductive potential. Crabs in the salt marsh experience higher temperatures during the reproductive season than conspecifics in either the mangrove or dock habitats 8 . High development temperatures can alter the biochemical makeup 45 and development 46 of crustacean larvae and may increase larval metabolic rates and use of yolk reserves. This could translate to lower starvation resistance and dispersal ability upon hatching. The larger size of crabs on docks, likely a result of interacting factors 8 , further increases the quantity of the offspring they produce and, to some extent, the quality of the reproductive investment (Ω-3:Ω-6 ratio). The importance of these effects to the reproductive potential of the population is not yet known. At the extreme range edge, there may be a source-sink dynamic with docks acting as a source, especially after winter die-offs 23 . Even in areas of the salt marsh ecosystem where populations are firmly established, the higher reproductive potential of crabs on docks may allow them to have a disproportional impact on the population and may serve to accelerate repopulation after an extreme event, such as a tropical storm 25 or an extreme winter 23 . However, further analyses would be required to determine population-level effects. Nevertheless, results here suggest that individuals on docks make an important reproductive contribution to the expanding range of this species.
While the mechanism of greatest importance may change from system-to-system, this study suggests that analogous habitats provide a suite of conditions that can increase reproductive potential. Given the importance of reproduction to colonization success 10, 11 and the relatively small area of analogous habitats within colonized ecosystems, individuals occupying analogous habitats could play vital roles in the persistence and continued expansion of shifting species. Habitat analogues may even accelerate the rate of expansion through the production of more and/or higher quality offspring, an effect that could be enhanced if the habitat also allows for increased geographic penetration into the colonized ecosystem 23 . Thus, understanding the role of analogous habitats will be critical for the management and prediction of range-shifts.
Whether they are gravel pits 47 , ponds 48 , docks 8 or some other structure, many habitat analogues are artificial 14 (and references therein). This provides a unique opportunity for the management of range-shifting species. The most immediate course of action is to recognize the potential of artificial structures as habitats and make a conscious effort to search them for possible range expanding species. Once such a species has been identified, direct action pertaining to the artificial habitat itself can be considered. Through the installation, alteration, or removal of analogous habitats, managers may be able to manipulate habitat effects and target reproductive hot-spots of range-shifters to encourage or reduce their spread and persistence. For instance, artificial structures could provide habitats to shifting mangrove-associated species, a habitat which is globally threatened 49 , and be used as dispersal corridors in areas of mangrove deforestation. The establishment of corridors between favorable habitats is a commonly discussed strategy to aid range-shifting species 50, 51 and artificially modified habitats have been used to improve conditions in climate-impacted native ecosystems 52, 53 . However, habitat construction has not been a focus in managing the climate-mediated range-shifts of native species into new ecosystems (but see 54 ). www.nature.com/scientificreports www.nature.com/scientificreports/ In such instances, species are not simply moving between fragments of historically-favored habitat, but colonizing entirely new ecosystems where novel habitat effects will play a permanent role in the persistence of the population. Our results suggest that the strategic placement or modification of artificial structures within these natural, but suboptimal, ecosystems could increase the reproductive success of range-shifting species that are reproduction-limited and, given the relatively small size of these habitats, play an outsized role in their persistence and rate of shift in a colonized ecosystem.
While habitat effects are likely of greatest importance to larval and seed dispersers, even mobile adult-dispersing species could receive reproductive benefits from habitat analogues through mechanisms such as predation refuge or improved diet. This potential of artificial habitat analogues to mitigate negative habitat effects and increase reproductive fitness has broad applicability across systems. Despite the relative lack of study on the role of analogous habitats during range shifts (but see 55, 56 ), they could provide a vital reproductive boost for shifting populations encountering suboptimal conditions. If the benefits documented here are general across systems, the role of artificial habitat analogues in altering reproductive fitness could be important to the management and success of future range-shifting species. Thus, both habitat analogues and habitat effects represent understudied phenomena in range-shift ecology that merit further investigation in the study and management of range-shifts.
Methods
Demographics. The body size of all ovigerous females were compared between habitats using an ANOVA followed by a Tukey's HSD test. Further, we compared the size distributions of ovigerous females in each habitat using Komlogorov-Smirnov (K-S) tests. All statistical analyses in this study were performed in R 3.1.1.
Energetic investment.
To examine reproductive effort, we randomly collected 15 individuals by hand on each of nine randomly selected days in each habitat (Table 1 ) over two consecutive summers (n = 135/habitat). For all aspects of this study, sites were selected based on accessibility via kayak and chosen so that sites within habitat types were as similar as possible. Salt marsh sites were at least 0.75 km from the nearest dock ensuring that crabs in the salt marsh, which rarely stray more than 25 m from a central foraging area 19 , had no interaction with docks. Crabs were immediately placed on dry ice and kept frozen until dissection. During transport, the legs of 10 crabs collected from the mangrove became detached and mixed making it impossible to reliably obtain somatic tissue weight and resulting in a sample size of 125 crabs from the mangrove. We separated the eggs and gonads from the rest of the body, dried these to constant weight at 60-70 °C, and examined GSI as the ratio of the dry Figure 6 . Summary of conclusions drawn from the results of this study. Green arrow indicates the first habitat in the comparison is better for the result being compared while a red arrow indicates it is worse and a blue equal sign indicates the habitats did not differ. A black dash indicates an inability to draw a conclusion.
weights of the reproductive and somatic tissues of each crab. Crabs were grouped by sex and reproductive stage (male, ovigerous female, and non-ovigerous female), and we separately compared the GSI of these three groups across habitat type using independent linear models (LM) with habitat type as a fixed factor. Data were pooled across years and sites for analysis as GSI did not differ between years or site in any group (p > 0.05). While no other experiment spanned multiple years, we pooled across sites within habitats for all further analyses as site, as a fixed factor, never had a significant effect. The nature of studying a range expansion makes it impossible to avoid the fact that habitat type is confounded with latitude. We initially included latitude as a fixed factor in all statistical tests. However, latitude never explained a significant amount of the variation and was thus dropped from all analyses. Values of each result across the range of latitudes included in this study can be found in Appendix S1 (Figs. S4-S10).
Larval quality. For both measures of larval quality (starvation resistance and larval size at hatching), we took advantage of the lunar synchronization of A. pisonii reproduction 16 by collecting five ovigerous females from each of three sites in each habitat (Table 1) during the week preceding the August full moon. These 45 crabs (15/ habitat) were maintained at 28-30 °C in individual aquaria (22.8·15.2·16.5 cm, l·w·h) with a petri dish of 0.2 μm filtered sea water and food from their ecosystem of origin (Spartina alterniflora for dock and salt marsh, Rhizophora mangle leaves for mangrove). Food was changed every other day and water was changed daily. Crabs were checked twice daily (8am and 11 pm) for release of larvae into the water dish, which always occurred after nightfall, and no crab was housed for more than eight days before larval release.
Upon larval release, maternal crabs were dissected. We measured the carapace width and the width of the cardiac stomach to the nearest 0.1 mm. We then calculated the GW:CW of each crab. In addition, 10 larvae were transferred to individual autoclaved 13·100 mm glass culture tubes containing ~6 ml of 0.2 μm filtered sea water. These larvae (n = 150/habitat) were checked daily for survival (starvation resistance), at which time we performed a ~2 ml water change. Once all larvae died, we examined larval starvation resistance using a cox proportional hazards model (R 3.1.1, package coxme) with habitat, maternal size, and maternal GW:CW as explanatory variables for the number of days survived. We also included maternal ID as a random factor to account for non-independence of larvae from the same mother. Lastly, 10 larvae from each brood were collected at hatching, preserved in 95% ethanol, and later dried to constant weight at 60-70 °C. We compared larval dry mass between habitats using a linear mixed model (LMM) (R 3.1.1. package lme4) with the same variables used to explore starvation resistance.
Crab collection for clutch size and egg quality analyses. We collected 20 ovigerous females by hand from each habitat (Table 1) during the week preceding the full moon each of five consecutive months throughout the A. pisonii reproductive season (June-October, n = 100/habitat over season). Collected crabs were immediately placed on dry ice and stored at −80 °C until dissection, at which time the size and GW:CW were determined and the whole egg mass was carefully removed. A small number of eggs (~50) were observed via microscopy to identify development stage 31 and returned to the egg mass. The eggs of the first 10 crabs from each monthly sampling (n months = 5) in each habitat found to be carrying stage-1 non-eyed eggs were freeze-dried, stored at −80 °C, and used for lipid and glycogen analyses (see below). The eggs of the remaining 10 crabs from each monthly sampling in each habitat were used to analyze clutch size and egg energy content (see below). Unless otherwise stated, all analyses had a sample size of 50 individuals per habitat.
Clutch size.
To determine the quantitative offspring production of A. pisonii in each habitat, we examined clutch size. We counted the eggs (~200) in a subset of the clutch of each crab and separately dried both this subset and the rest of the clutch to a constant weight at 60-70 °C. Total clutch size was determined by dividing the mass of the full clutch by the average mass of an individual egg in this subset. Dried clutches were stored individually for later analyses.
Clutch size scales with maternal size in A. pisonii 7, 57 , and the average size of A. pisonii differs between habitats 8 . We therefore first compared clutch size between habitats independent of other factors using an ANOVA followed by a Tukey's HSD test. We then compared clutch size between habitats while controlling for differences in maternal size by obtaining the residuals of the regression of clutch size and crab size and comparing these values between habitats using an LM with habitat, month of collection, and GW:CW as fixed explanatory variables.
Egg energy and glycogen content. We used a Parr semi micro bomb calorimeter to determine the energy content (kJ/g) of the eggs previously used to determine clutch size and compared this value between habitats using an LM with habitat, month of collection, maternal size, and GW:CW as fixed explanatory variables. Unless otherwise stated, these fixed variables were employed in all further LMs. Egg stage was also added as an explanatory factor to account for variation attributable to developmental stage. Some clutches were pooled within habitats, months, and development stage to meet the minimum mass for calorimetric analysis, resulting in sample sizes from the salt marsh of 9 in June, 8 in September, and 5 in October as well as 9 clutches from the mangrove in October.
Following the manufacturer instructions, we used a Sigma-Aldrich Glycogen Assay Kit MAK016 to determine the glycogen concentration, as percentage of egg mass, of a subset (~10 mg) of each stage-1 clutch (see below). We compared these concentrations between habitats with an LM.
Egg lipid and fatty acid content. We examined the egg lipids of each crab collected from each habitat (10/month, n = 50/habitat) that held stage-1 non-eyed eggs. Lipids from a subset (20-40 mg) of each clutch were extracted using a modified Folch Extraction 58, 59 . Egg lipid content, as percent weight, was compared between habitats using an LM. Lipids were then flushed with nitrogen and stored at −80 °C (<2 weeks).
We analyzed the diversity and quantity of the FAs of six randomly-selected egg masses from each habitat each month (n = 30/habitat; see Appendix S1 "Supplemental Methods" for detailed methods). Briefly, we modified the methods of 60 to methylate the FAs and analyzed the samples via gas chromatography-mass spectrometry using an Agilent Technologies 6890 N Network equipped with a 30 m Restek FAMEWAX column (0.25 mm ID, 0.25 μm df) connected to an Agilent 5975 Network Mass Selective Detector. The concentration of each FA (μg FA/ μg egg) was determined via dilution curves derived from a Supelco 37 Component FAME Mix (Sigma Aldrich CRM47885). While we determined the concentration of all FAs, our analyses focused on those critical to crustacean development and larval quality. This included the total Ω-3s, the individual Ω-3s EPA, DHA, and ALA, the Ω-3:Ω-6 ratio, and the HUFA concentration; all indices which correlate positively with larval quality 30, 31, 41, 49, 50 . We also explored the fatty acid trophic markers (FATM) of EPA:DHA ratio, a measure of trophic position 31, 39 and the concentration of OFA, a measure of relative detritivory 31 . We compared the concentration of the FAs, FA groups, and FATMs between habitats using individual LMs.
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